Abstract Dengue is currently one of the most important arthropod borne human viral diseases caused by a flavivirus named as dengue virus. It is now endemic in Pakistan since many dengue fever outbreaks have been observed in Pakistan during the last three decades. Major serotype of dengue virus circulating in Pakistan is serotype 2. Complete genome sequences of three Pakistani dengue virus serotype 2 isolates were generated. Analysis of complete genome sequences showed that Pakistani isolates of dengue virus serotype 2 belonged to cosmopolitan genotype. This study identifies a number of amino acid substitutions that were introduced in local dengue virus serotype 2 isolate over the years. The study provides a significant insight into the evolution of serotype 2 of dengue virus in Pakistan. This is the first report of complete genome sequence information of dengue virus from the most recent outbreak (2013) in Punjab, Pakistan.
Introduction
Dengue is an emerging health problem in tropical and subtropical areas of the world. It is one of the most important mosquito-borne human viral diseases. It belongs to the genus Flavivirus of family Flaviviridae. About 390 million dengue infections occur worldwide annually and 96 million of which are symptomatic [2] . Four distinct serotypes of dengue virus have been reported. It possesses single stranded RNA genome of positive polarity. Approximately 11,000 nucleotides of dengue virus genome encodes three structural proteins (Capsid, Membrane and Envelope) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [3] . There are also RNA secondary structures at 5 0 and 3 0 ends represented by non-coding regions of 100-400 nucleotides respectively [15, 18] .
Dengue infection was first documented in Pakistan in 1982 [7] . Since then many outbreaks have been reported in different parts of the country [1, 4, [8] [9] [10] [11] . Among other serotypes, serotype 2 (DENV-2) of dengue was dominant in Pakistan during the years 2007-2009 [6] . In the year 2011, an outbreak of dengue was witnessed in Lahore city of Pakistan. There were more than 15,000 dengue cases with high mortality rate during this outbreak [19] . In 2013, another dengue outbreak was witnessed with 2165 dengue cases in Pakistan [25] .
Few phylogenetic and epidemiological studies have assigned dengue viruses circulating in Pakistan with their respective types and subtypes using partial as well as complete genome sequences [6, 12, 13] 
Primer designing
A set of 53 oligonucleotide primers was synthesized using the alignment of full length DENV-2 Sri-Lankan DENV-2/ LK/BID-V2421/2003 strain (GQ252676), to amplify viral genome in overlapping fragments of varying sizes. List and sequences of primers is given in S1 Table. RNA extraction and cDNA synthesis Viral RNA was extracted by using a Nucleospin Viral RNA Extraction Kit (Macherey-Nagel, Germany) according to the manufacturer's instructions. A cDNA copy of a portion of the viral genome was produced in a reverse transcriptase reaction using M-MLV Reverse Transcriptase Enzyme (Invitrogen Biotechnologies USA) in the presence of antisense primer. The cDNA produced was then used for the nested PCR amplification of DENV specific regions using the type-specific primers and the DNA products were evaluated using 2 % agarose gel.
Sequencing
Amplified viral DNA was purified from gel and sequenced in both directions by using the ABI PRISM 3100 Avant Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Amplicons were sequenced from both strands to get consensus sequences. Reference sequences were obtained from GenBank/EMBL/DDBJ online nucleotide sequence databases.
Sequence analysis
Alignment was done using Clustal W multiple alignment tool. MEGA 5 programme was used for computing evolutionary analyses [23] . Phylogenetic tree was constructed by using statistical neighbor-joining (NJ) Method and Maximum Composite Likelihood model was used for evolutionary distances analysis [22] . Bootstrap value of 1000 was used as a test of phylogeny.
Results

Complete genome sequence
Complete genome sequences of three DENV-2 viruses isolated from Pakistan during 2010 (DENV-2/PK/2010), 2011 (DENV-2/PK/2011) and 2013 (DENV-2/PK/2013) were generated and submitted in GenBank under accession numbers, KF360005, KJ010185 and KJ010186 respectively. Figure 1 shows the amplified non structural gene 3 (NS3) of all three isolates.
The full length RNA genome of DENV-2/PK isolate was 10,629 ntd long which codes for 3391 amino acids with non coding regions of 64 nucleotides at N-terminal and 392 nucleotides at C-terminal. The genome size of DENV-2 isolated in India was reported to be 10, 670 ntd long which codes for 3391 amino acids [5] .
Evolutionary analysis
To study the evolutionary history of this virus a phylogenetic tree was constructed (Fig. 2) . To construct this phylogenetic tree, total 27 DENV-2 complete genome nucleotide sequences from other parts of the world and 6 from Pakistan were downloaded and aligned with three DENV-2 complete genome sequences generated in this study. In addition, Serotype 1, 3 and 4 complete sequences were used to root the tree. 
Amino acid substitutions analysis
In order to study the sequence variations that have occurred over the years (2008) (2009) (2010) (2011) (2012) (2013) were aligned together with DENV-2 prototype strain New Guinea-C (NGC) sequence using Clustal W multiple alignment tool [24] . This alignment showed many amino acid substitutions scattered throughout the genome covering all the important regions (C, Prm, Env, NS1, NS2A, NS2B, NS3, NS4A/K, NS4B and NS5). Post 2008, amino acids were substituted at 15 sites (C = M104 V, L108 V, Prm = R130 K, Env = T506I, G640E, I602 V, Ns1 = T862S, Ns2A = M1243T, I1160 V, V1301A, Ns5 = A2687T, T2891A, S3122G, I3132 V, K3352R). These substitutions remained stable post 2008. Some of these amino acids were substituted by amino acids of different properties such as in Envelope region T506I, where a polar threonine is replaced by a hydrophobic Isoleucine. Similarly other sites (Env = G640E, NS2A = M1243T, 
Sequences obtained in this study (italicized) are compared with other Pakistani DENV-2 strains and prototype DENV-2 strain (NGC). Polyprotein positions where amino acid are replaced by amino acid of different properties are highlighted 
I1160 V, NS5 = A2687T, T2891A, S3122G and K3352R) were also subjected to polar to hydrophobic and hydrophobic to polar amino acids switching (Table 1) .
A total of 21 Amino acids substitutions unique to PK/ 2010 were confined in Capsid, Env, NS2B, NS3, NS4B and NS5 regions. Out of these 21 sites, hydrophilic to hydrophobic and neutral to charged switching was positive at 11 sites (C = L108R, Env = D378G, N380D, Ns3 = W1480S, D1481A, W1558R, T1609A, Ns5 = D3262G, E3334G, Q3360R, E3369G). 18 unique sites were present in PK/2011 where amino acids were replaced. Out of these 18 substitutions, one (E917Q) and four (Q2618L, W2783R, N3101G, R3381G) sites in NS1 and NS5 regions respectively were subjected to changes in hydrophobicity, polarity and charge. In most recent DENV-2 sample, PK/2013, total 9 amino acid substitutions were observed, 6 of them (Env = N522 K, NS1 = K786T, E787A, P903S, NS3 = P1483R, I2075T) were subjected to changes in hydrophobicity, polarity and charge ( Table 2) .
Discussion
Dengue outbreaks in Pakistan in the year 2011 and thereafter were the main dengue events in Punjab province of Pakistan where more than 15,000 dengue cases were recorded with a high mortality rate [19] . The dengue serotype 2 dominated all the major outbreaks in Pakistan including 2011 and post 2011 outbreaks. The main objective of this study was to identify amino acid substitutions that have appeared in the locally circulating dengue serotype 2 virus over the course of time.
The analysis of full length nucleotide sequences of three Pakistani DENV-2 strains isolated from 2010, 2011 and 2013 outbreaks revealed that DENV-2 strain circulating in Pakistan during these years is most closely related to SriLankan 2003 and 2004 isolates in South Asian clade of Cosmopolitan genotype (IV). This result is in accordance with other studies from this region [12, 13] .
DENV-2 Complete genome sequences of Pakistani strains were aligned with DENV-2 prototype NGC, to scan the sites of amino acid substitutions. Post 2008 many amino acid substitutions were observed. Few were in Envelope region of dengue genome which is a major antigenic region exposed on the surface of dengue virus. Envelope protein includes three distinct domains (I, II and III) [16] . Most of the antigenic sites are located in domain III of Envelope gene [21] . One of the amino acid substitutions in Envelope region (G640E), unique to DENV-2 2008 (PK/51/2008) strain was observed where a hydrophobic, neutral Glycine amino acid was replaced by a polar, negatively charged glutamic acid. This substitution remained consistent in all Pakistani isolates post 2008. This amino acid is localized in C-terminal of domain III of Envelope gene and is therefore a possible determinant of antigenicity and virulence. Apart from it most of the amino acid substitutions in Envelope region were observed outside Domain III, in discontinuous Domain I and Domain II of Envelope, which indicate that these substitutions were not affecting antigenicity or virulence of the virus. Another amino acid substitution NS2A, (M1243T), was also consistent post 2008. At this site a hydrophobic amino acid was replaced by a polar, surfaced amino acid. This amino acid site is located in the transmembrane region, which is important for virus replication [14] . This substitution therefore might affect virus assembly and RNA synthesis.
Over the years (2008-2013), this locally circulating strain of DENV-2 virus has undergone several amino acid substitutions. A number of amino acid substitutions that were unique to 2010, 2011 and most recent 2013 strains sequenced in this study were observed. Few among them were significant with changes in physiochemical properties. It has been said that such small changes in genetic makeup of a virus can bring about a lineage or virus subtype change resulting in a more virulent virus which can cause a bigger epidemic in future [17, 20] .
We can therefore infer that either a single subtype of DENV-2 virus has been circulating from 2008 to 2013 and has undergone changes in its genetic makeup over the time or there were multiple introductions of the virus in this region as suggested by different points of origin in the phylogenetic tree. Therefore a much detailed analysis of DENV-2 origin and evolution in Pakistan is needed.
